Vacuolar ATPases (V-ATPases) are present in specialized proton secretory cells in which they pump protons across the membranes of various intracellular organelles and across the plasma membrane. The proton transport mechanism is electrogenic and establishes an acidic pH and a positive transmembrane potential in these intracellular and extracellular compartments. V-ATPases have been found to be practically identical in terms of the composition of their subunits in all eukaryotic cells. They have two distinct structures: a peripheral catalytic sector (V1) and a hydrophobic membrane sector (V0) responsible for driving protons. V-ATPase activity is regulated by three different mechanisms, which control pump density, association/dissociation of the V1 and V0 domains, and secretory activity. The C subunit is a 40-kDa protein located in the V1 domain of V-ATPase. The protein is encoded by the ATP6V1C gene and is located at position 22 of the long arm of chromosome 8 (8q22.3). The C subunit has very important functions in terms of controlling the regulation of the reversible dissociation of V-ATPases.
Introduction
ATPases are enzyme systems that originated in a common ancestor and are distributed universally among all organisms. There are three types of ATPases: those found in archaea (A-ATPases), synthases (F-APTases), and vacuole or vacuolar ATPases (V-ATPases) . They are essential for life and have in common the fact that they create an electrochemical ion gradient across the membrane to hydrolyse or synthesize ATP. Structurally, they are enzymatic complexes that work as molecular rotary motors. They have conserved their structure and function throughout evolution. ATPases are formed by two domains, a hydrophobic domain (A0, V0, and F0) and a hydrophilic domain (A1, V1, and F1) connected by a central axis and either one or two lateral axes. The polypeptides of greatest molecular weight, α and β in F-ATPases, and B and A in V-ATPases and A-ATPases, respectively, were generated by gene duplication and conserve a very high degree of homology Domin (Domínguez and Tuena, 2005; Marshansky and Futai, 2008) , albeit with important differences. The V-ATPase V0 domain, for example, which is equivalent to the F-APTase F0 domain, is not an open proton channel (Zhang et al., 1992) . In this article, we are going to discuss V-ATPases.
The Vacuolar or V-ATPase Proton Pump: Biological Functions
Unlike F-ATPases, whose primary function in eukaryotic cells is to generate ATP from proton motive force, V-ATPases function exclusively as ATP-dependent proton pumps, performing diverse biological functions within cells (Nelson, 1992; Kane, 1999; Saroussi and Nelson 2008; Stevens and Forgac, 1997 .
Membrane transport
V-ATPases play an important role in receptor-mediated endocytosis (Forgac, 1998) , intracellular transport, and the acidification of late endosomes (Kane, 1999; Stevens and Forgac, 1997; Nishi and Forgac, 2002; KawasakiNishi et al., 2003; Finbow and Harrison, 1997) . Vacuolar acidification has also been reported to be involved in the transport of lysosomal enzymes from the Golgi apparatus to the lysosomes (Stevens and Forgac, 1997; Moriyama and Nelson, 1989) . V-ATPases appear to play an important role in the creation of the microenvironment needed for correct protein transport, exchange, and secretion (Schoonderwoert et al., 2000) .
Plasma membrane functions
Although V-ATPases were initially identified in intracellular compartments, knowledge on the roles they play in the plasma membrane has increased enormously. V-ATPases located at the apical membrane of type A intercalated cells are involved in the secretion of protons into renal fluid (Smith et al., 2005; Van Hille et al., 1993) . Type B intercalated cells, whose function is to secrete bicarbonate, also contain V-ATPases, but they are located between the apical and basolateral membranes (Nishi and Forgac, 2002; Van Hille et al., 1993) . In macrophages and neutrophils, plasma membrane V-ATPases (pmVATPases) are involved in the homeostasis of cytoplasmic pH (Stevens and Forgac, 1997; Nishi and Forgac, 2002; Nanda et al., 1996) . These ATPases also play an important role in bone reabsorption (Marshansky and Futai, 2008; Stevens and Forgac, 1997; Nishi and Forgac, 2002; Smith et al., 2005; Van Hille et al., 1993) and appear to be involved in the development of tumor metastasis. Many tumor cells secrete lysosomal enzymes that participate in the degradation of the extracellular matrix required for metastatic invasion. These enzymes have a low optimal pH and it is the V-ATPases that are responsible for acidifying the microenvironment (Nishi and Forgac, 2002; Stevens and Forgac, 1997; Martínez-Zaguilan et al., 1993) . Another of their functions is to regulate sperm motility and maturation on the apical membrane of epididymal cells and vas deferens by stabilising the sperm medium) (Nishi and Forgac, 2002) .
Additional functions
The low pH maintained by V-ATPases in lysosomes and phagosomes is necessary for the activity of the degradative enzymes in these compartments (Sun-Wada et al., 2003a , b, 2004 Kurashima et al., 1996) . In several intracellular compartments, including lysosomes and secretory vesicles, the proton gradient and/or the membrane potential generated by V-ATPases, gives rise to the transport of small molecules and ions (Nishi and Forgac, 2002; Kurashima et al., 1996) . The driving force necessary for the accumulation of neurotransmitters in synaptic vesicles is proton motive force, which is generated by V-ATPases (Nelson and Harvey, 1999) . The fusion-fission balance of the vacuolar system of eukaryotic cells is also controlled by V-ATPases, i.e. via the interaction between vacuolar SNARE proteins and GTPase Vps1p (it is a reminiscent of vacuole structures seen in the deletion mutant of the yeast dynamin-like GTPase, which is defective in vacuole fission. Hence, vacuole fragmentation requires proton translocation by the V-ATPase) (Baars et al., 2007 , Muller et al., 2003 . In murine β-pancreatic cells, V-ATPases also perform insulin exocytosis functions (Marshansky and Futai, 2008) . Exocytosis in eosinophils is also regulated by V-ATPases (Kurashima et al., 1996) . It is possible that pmV-ATPases bind to the cytoskeleton considering that mutations in the gene encoding the V-ATPase E subunit cause changes in cell morphology and cytoskeletal actin. The association between V-ATPase subunits and other cellular proteins, for example, that which occurs between the C subunit of the V0 domain and the E5 oncoprotein, or between platelet-derived growth factor (PDGF) and b1 integrin, indicate that these subunits play a role in cell growth and transformation. V-ATPases also allow the entry of certain viruses (e.g. influenza) and toxins (e.g. diphtheria) into the intracellular space via the binding of these pathogens to the endosomal membrane (Stevens and Forgac, 1997) . In the case of the human immunodeficiency virus (HIV), the association between the V-ATPase H subunit and the HIV-1 Nef protein, which controls the expression of CD4 (the main HIV receptor), facilitates endocytosis of Nef and/ or alterations in the acidification of the endosomal pathway by this protein (Nishi and Forgac, 2002; Marshansky and Futai, 2008) . The most recent function attributed to V-ATPases is their involvement in the regulation of cell-cell fusion to form larger cells, as is the case with osteoclasts and macrophages) (Wada et al., 2008) .
V-ATPases AS ATP-Dependent Proton Pumps
ATP is a labile chemical compound present in all cells. It is a combination of adenosine, ribose, and three phosphate radicals. The last two phosphate radicals are attached to the rest of the molecule by high-energy bonds. When released, each of these two radicals release 12 000 calories of energy. When ATP loses the first phosphate radical, it becomes adenosine diphosphate and when it loses the second one, it becomes adenosine monophosphate (AMP). ATP is present at all points of the cytoplasm and nucleoplasm of all cells, and practically all physiological mechanisms obtain the energy they need from ATP. At the same time, the gradual oxidation of foods in the cell releases energy, which is then used to form ATP, thus ensuring that ATP levels are maintained at all times; all this energy transfer occurs via coupled reactions (Wada et al., 2008, Martínez-Munoz and Kane, 2008; Breton and Brown, 2007; Forgac, 2007; Nelson et al., 2000 , Wieczorek et al., 1999 .
In summary, ATP is an intermediate compound that has the unique ability to participate in many coupled reactions, including reactions with food to extract energy and also with many physiological mechanisms to supply the energy required for their functioning. For this reason, ATP has been referred to as an energy currency, which can be generated and used again and again by organisms (Cipriano et al., 2008) . The force generated by V-ATPases in organelles and eukaryotic cell membranes-known as proton motive force (Drory and Nelson, 2006) -is used as a driving force by numerous secondary transport processes (Nelson and Harvey, 1999; Nelson et al., 2000) .
V-ATPases are present in the plasma membrane of specialized proton secretory cells (Nelson and Harvey, 1999, Wieczorek et al., 1999) in which they pump protons across the membranes of diverse intracellular organelles (lysosomes, endosomes, secretory granules, etc.). This transport mechanism is electrogenic and establishes an acid pH gradient and a positive transmembrane potential within these intracellular compartments (Philippe et al., 2002; Harvey and Wieczorek, 1997) . The mechanism is rotary and permits the hydrolysis of ATP in an almost identical fashion to that which occurs with Na+-ATPase archaebacteria such as Enterococcus hirae or H+-ATPases in Thermus thermophilus (Forgac, 2007) .
V-ATPase, which is usually located apically to the plasma membranes of epithelial cells, towards the cytoplasmic side of the membrane, pumps H+ out of the cell. This pumping of protons always allows a trans-positive voltage, accompanied, however, by several events. The voltage thus can dissipate, meaning that the trans-compartment can become acidic, basic, or neutral, depending on the nature of the parallel channels or porters accompanying the proton (Harvey, 1992) . V-ATPases can consequently supply energy to the membrane, regulate intracellular pH, and cause extracellular acidification or alkalinization (Nelson and Harvey, 1999) .
According to Martínez-Muñoz and Kane (2008) , V-ATPase activity is essential in the short term for both vacuolar acidification in response to the glucose metabolism and the efficient regulation of pH homeostasis. In the long term, V-ATPases appear to be involved in the stable localization of Pma1p at the plasma membrane (Martínez-Muñoz and Kane, 2008) . Pma1p is a type P proton pump located in the plasma membrane and responsible for regulating pH. Like V-ATPases, these pumps are electrogenic pumps that use ATP hydrolysis to extrude protons from the cytosol (Martínez-Muñoz and Kane, 2008) .
It used to be widely accepted that Na+ motive force, generated by Na+/K+ ATPase, was the main energy provider for the plasma membrane in animal cells but it was recently discovered that V-ATPases play a more important role in this respect (Nelson and Harvey, 1999) .
V-ATPase Structure and Regulation: the c Subunit

V-ATPase structure
The V-ATPase proton pump has multiple subunits, each with multiple isoforms, hence the need for a clear, standardised nomenclature system. Initially, the HUGO Gene Nomenclature Committee agreed to use the ATP as the stem, or root, symbol. ATP6, for example, indicated ATPase, H+ transport, lysosomal (vacuolar proton pump). In 2003, the nomenclature system for genes encoding V-ATPase subunits was revised and it was decided to maintain the root ATP6 and add the domain to which a particular subunit belonged, followed by the letter of the subunit, and finally the number of the isoform, where relevant, (e.g. ATP6V1C1, ATP6V1E, etc.) (Smith et al., 2003) .
V-ATPase structure, function, biogenesis, and regulation was widely revised by Stevens and Forgac (1997) . We will use the nomenclature system proposed by these authors to explain the structural subunits of V-ATPase together with relevant modifications based on recent research using transmission electron microscopy) (Wilkens et al., 2005) .
V-ATPases have been found to be practically identical in terms of the composition of their subunits in all eukaryotic cells. They have two distinct structures: a peripheral catalytic sector (V1) and a hydrophobic membrane sector (V0) responsible for driving protons) (Gruber, 2005) . The catalytic sector is composed of five polypeptides known as subunits A, B, C, D, and E, with a molecular weight, in decreasing order, ranging from 72 to 33 kDa. Recent advances in knowledge of the mechanism of action of F-ATPases have clarified the relationship between function and structure for each of the subunits of these enzymes (Qi et al., 2007 .
Each ATPasae subunit is believed to have between one and four parts of a mechanochemical complex (Nelson and Harvey, 1999) (Figure 1 ): 1) a catalytic unit, 2) a shaft, 3) a hook, and 4) a turbine. In the next section, we will analyze the structure and function of the different subunits (Nelson and Harvey, 1999) .
Catalytic subunits
A subunit: molecular weight of 68 kDa. Its function is to bind ATP and catalyze its hydrolysis.
B subunit: molecular weight of 57 kDa. It works as a regulatory subunit containing the ATP binding site and might also contribute as an important remnant for the catalytic function of the A subunit.
The main function of the catalytic sector is to bind ATP and catalyze ATP hydrolysis, while the main function of the membrane sector is to drive protons across the membrane. The energy generated by these two processes is capable of catalyzing mechanochemically induced conformational changes (Nelson and Harvey, 1999) . Indeed, Boyer (1993) proposed two decades ago that ATP hydrolysis catalyzed by F-ATPase #a and #b subunits induced the rotation of the shaft and the pumping of protons across the membrane. The hook, in turn, would prevent the catalytic unit from rotating.
Shaft
D subunit: molecular weight of 28 kDa. This subunit might play an important role in the union between ATP hydrolysis and proton pumping. It behaves like a rotary shaft, acquiring its rotational movement from conformational changes in the A subunit and providing torque to the turbine and protons in the membrane sector. Recent studies have confirmed that the D subunit is essential for embryonic development (Miura et al., 2003) .
Hook
E subunit: molecular weight of 27 kDa. This subunit contains long alpha-helices, hence the suggestion that it might form part of the shaft. A newer theory, however, holds that the E subunit functions as a hook.
G subunit: molecular weight of 13 kDa. This subunit shows considerable homology with the F-ATPase b subunit, which is a part of the F0 domain and functions as a hook that prevents the rotation of catalytic subunits. It has been suggested that the G subunit may have a similar function in V-ATPases by acting as part of the hook during the catalytic reaction.
Turbine
C subunit: molecular weight of 16 kDa. The C subunit is believed to be the main subunit with respect to the transport of protons across the membrane; the other biological functions which it has been attributed are described below. c' and c'' subunits: molecular weights of 17 and 19 kDa, respectively. Each of these subunits appears to be essential for the activity of the enzyme.
A subunit: molecular weight of 95 kDa. A copy of this subunit is necessary for enzyme activity and/or the shell of the enzyme.
D subunit: molecular weight of 40 kDa. This unit is peripherally associated with the V0 membrane sector on the cytosolic face of the membrane, but it contains a second, non-apparent transmembrane segment.
Other subunits
F subunit: molecular weight of 14 kDa. ATPase activity (ATP hydrolysis and proton transport) can be inhibited by antibodies specific to this subunit.
H subunit: molecular weight of 54 kDa. This subunit is probably involved in the regulation of enzyme activity and in communication between V-ATPase and proteins linked to other cell processes.
Another V-ATPase subunit classification system, proposed by Nishi and Forgac (2002) , divides the subunits according to the domain to which they belong (Figure 2) .
Interactions between the different subunits are essential for the correct functioning of V-ATPases (Xu et al., 1999) . Jones et al. (2005) , reported that the C and G subunits (Vma5p and Vma10p, respectively) are capable of strongly interacting with the E subunit (Vma4p). The N-terminus of the E subunit appears to be key not only in the regulation of the rotary molecular structure of V-ATPase but also in 
V-ATPase regulation
Three major regulatory mechanisms have been described for V-ATPase: 1) the regulation of pump density, which allows different cells to maintain their cytoplasmic and vacuolar pH stable; 2) the regulation of V1 and V0 domain association/dissociation, for example, a decrease in glucose levels can cause a 70% dissociation of the V1 domains of the membrane; and 3) the regulation of secretory activity, via the maintenance of balance in the formation of bisulfite and binding efficiency between H+ and the pump. Other mechanisms include the necessary modifications in the membrane potential for the generation of electrogenic force (Forgac, 1998; Peng et al., 1993) and alterations in the vacuolar transporter chaperone (Vtc) complex, which affect the conformation of the V0 domain and its function in vacuole fusion of the membrane) (Muller et al., 2003) . Table 3 shows the structure, function, and regulation of the different V-ATPase subunits (Torigoe et al., 2002) .
The C subunit
The C subunit is a 40-kDa protein located in the V1 domain of V-ATPase. This protein is encoded by the ATP6V1C gene, also known as VATC, Vma5, ATP6C, ATP6D, and FLJ20057, EC 3.6.3.14; it is located at position 22 on the long arm of chromosome 8 (8q22.3) (Sun- Wada et al., 2003b; Drory et al., 2004; Pietrement et al., 2006) . It encodes a vacuolar component of ATPase (V-ATPase) (Curtis and Kane 2002) , an enzyme multisubunit that mediates the acidification of eukaryotic intracellular organelles (27) ATP6V1C1 and ATP6V1C2 a and b, two alternative transcript variants encoding different isoforms, have been identified in this gene. (Nishi and Forgac, 2002) . Table 3 . Structure, function and regulation of human V-ATPase (Torigoe et al., 2002 interactions with possible regulatory subunits (Jones et al., 2005) . According to Jefferies and Forgac, 2008, interaction between the H subunit of the free V1 domain and the F subunit (subunit of rotary part), inhibits the ATP catalytic ability of V-ATPase.
According to Smith et al. (2002) , ATP6V1C2a and the b are present in the lungs, kidney, and epididymis, where they perform an actin-binding function.
Novel imaging techniques such as small-angle x-ray scattering (SAXS) can provide information on pore shape and size distribution, electron density, and surface fractal dimension. SAXS, for example, has been used to describe the structure and morphology of the C subunit and its role in V-ATPase regulation (Svergun et al., 1998; Armbruster et al., 2004) (Figure 3) .
Immunoelectron microscopy, which serves to determine the location and spatial distribution of different subunits, has been used to study the C1 subunit (Zhang et al., 2006; Chaban et al., 2005) (Figure 4) . The model proposed by Zhang et al. (2006) coincided with that described by Drory et al. (2004) , which established that the crystalline structure of the C subunit is formed by two globular domains linked by a flexible connection (Drory et al., 2004) (Figure 5 ).
For many authors, the key function of the C subunit is the regulation of reversible dissociation. According to Grüber (2005) and Armbruster et al. (2005) , this subunit is intimately involved in the reversible dissociation of the V1 and V0 domains. The dissociation is possible due to the occupation of the subunit by nucleotides and conformational changes in the structure of the subunit (Gruber, 2005; Armbruster et al., 2005) . In addition to establishing the crystalline structure of the C subunit and its importance in reversible dissociation as a control mechanism of V-ATPase activity, Forgac (2007) described the relationship between the C subunit and the E and G subunits of the V1 domain and the a subunit of the V0 domain, and concluded that the C subunit was the primary mechanism responsible for enzyme control (Forgac, 2007; .
In an experimental model, Peng et al. (1993) demonstrated that the C subunit was essential for the proton secretion function of V-ATPase as ATP hydrolysis was blocked in the absence of this unit. Using photoaffinity and fluorescence correlation spectroscopy, Armbrüster et al., 2005 demonstrated that the C subunit had more affinity for analogues of ADP than for analogues of ATP.
In the early 1990s, Puopolo et al. (1992) stated that the C subunit accelerated but was not essential for the V1V0 complex formation process, but their results were questioned in other studies from the same period that argued that the C subunit was the only regulator of the dissociative mechanism. This theory was supported by Drory et al. (2004) , who reported that the C subunit was the only mechanism responsible for V-ATPase dissociation in vivo.
According to Voss et al. (2007) , the C subunit is responsible for V-ATPase dissociation into cytosolic V1 and membranous V0 complexes via interaction with protein kinase A. The C subunit appears to be phosphorylated as part of the V1 complex but not as part of the V1V0 holoenzyme. Furthermore, both the phosphorylated and non-phosphorylated forms are capable of reassociating with the V1 complex from which they have been previously removed. These data suggest that the C subunit serves as a substrate for protein kinase A and that its phosphorylation may be the main mechanism underlying the formation of the active V1V0 holoenzyme (Voss et al., 2007) .
Another reversible dissociation mechanism regulated by the C subunit underlies the separation of the holoenzyme V1V0 into V1 and V0 subcomplexes, which occurs through the binding of the C subunit and F-actin proximal to the basement membrane of epithelial cells. The C subunit appears to act as an anchor protein that allows V-ATPase to bind to the actin cytoskeleton (Vitavska et al., 2003) .
According to Otero-Rey et al. (2008) , the V-ATPase C1 subunit appears to be responsible for the assembly of the V0 membrane component and the cytosolic catalytic component (Figure 6 ). The RAVE complex (a regulator of V-ATPases and endosomal membranes) needs to be present for optimal C subunit and V-ATPase assembly to occur (Forgac, 2007; Smardon and Kane, 2007) .
In an in vitro study, Smardon and Kane (2007) , found that while V1V0 assembly took place in the absence of the C subunit, the resulting complex was highly unstable and that V-ATPase activity was extremely low; this would suggest that the C subunit is exclusively responsible for regulating the assembly of the V1V0 complex. Similarly, in the absence of RAVE, the C subunit has been found to be incapable of assembling into V-ATPase, resulting in the loss of enzyme activity (Smardon and Kane, 2007) . These data are supported by findings by Keenan et al. (2002) , which showed a reduction of over 48% in catalytic activity that did not affect enzyme assembly in experimental models with different mutations in the C subunit.
Conclusions and Perspectives
In conclusion, we note that the V-ATPases are involved in a larger number of biological functions as classically thought. The molecular structure of the protein and the location of the C subunit in the enzyme complex, clearly explains the implication of it in controlling the dissociation of V1 and V0 domain, a fact which is further supported by numerous studies. For this reason we consider extremely important further research on this subunit, in order to establish its relationship with pathological phenomena such as cancer, metastasis, etc. Our research group has found that ATP6V1C1 levels were significantly higher in patients with OSCC than in healthy controls, with expression increasing with higher tumor stage. This phenomenon can be used as a therapeutic target through the use of specific inhibitors of V-ATPases in the control of pH. The future of these molecules in cancer treatment involves measuring the overexpression of specific V-ATPase subunits in tumors to be treated and then using inhibitors specific for the subunits being expressed in a synergistic approach. This will allow clinicians to provide more specific treatment, while also minimising adverse effects (Perez-Sayans et al., 2009a ,b, 2010 .
